A series of anisotropic and transparent films of Al x In 1 − x N were produced using curved-lattice epitaxial growth on metallic buffer layers. By controlling the sample orientation during dual magnetron sputter deposition, nanospirals with right-handed or left-handed chirality were produced. Using a dual rotating compensator ellipsometer in reflection mode, the full Mueller matrix was measured in the spectral range 245-1700 nm at multiple angles of incidence. The samples were rotated one full turn around their normal during measurements to provide a complete description of the polarization properties in all directions. For certain wavelengths, unpolarized light reflected off these films becomes highly polarized with a polarization state close to circular. Nanostructured films with right-and left-handed chirality produce reflections with right-and left-handed nearcircularly polarized light, respectively. A model with a biaxial layer in which the optical axes are rotated from bottom to top was fitted to the Mueller-matrix data. Hence we can perform non-destructive structural analysis of the complex thin layers and confirm the tailored structure. In addition, the refractive index, modeled with a biaxial Cauchy dispersion model, is obtained for the Al x In 1 − x N films.
Introduction
Circular polarizers made from e.g. nanostructured materials exhibiting chirality [1, 2] or cholesteric liquid crystals [3] have uses in many areas, for instance in optical communication and as tunable filters [4] . Here we introduce a method of making chiral reflectors of Al x In 1 − x N nanostructures grown by curved-lattice epitaxial growth (CLEG) using magnetron sputtering [5] . This growth mechanism has been shown to produce a stress-free single crystal material in the form of curved rods on the nano-scale [5] [6] [7] . The curving of these nanorods occurs due to a graded lattice constant which is the result of a lateral composition gradient achieved by a spatial separation of the directional flux of material from the Al and In targets [6] . If the sample is rotated during growth the reorientation of the curved nanorods will result in a spiral shaping of the rods, hereafter referred to as nanospirals. Thus, the formed nanorods will exhibit an external chirality. The spiral shape is seen in Fig. 1 . In addition, and most important for this study, the rotated compositionally graded crystal planes within the rods will result in an internal chirality.
The semiconductor Al x In 1 − x N has a wide and tunable bandgap which makes it suitable for transparent optical elements. It also has high thermal stability and high breakdown voltage which gives it a wider application range than e.g. liquid crystals. The nanostructured material described above is therefore in many aspects unique making structural and optical characterizations very interesting.
Our objectives in this work have been to i) fabricate Al x In 1 − x N chiral nanostructures reflecting light with a very high degree of circular polarization; ii) measure the polarizing properties of the anisotropic structures using Mueller matrix spectroscopic ellipsometry (MMSE); and iii) model the MMSE data using a multilayer model to extract structural and optical properties.
Theory and calculations
In many cases the first column of the Mueller matrix is of special interest, as it shows the same data as would be seen in the Stokes vector of the reflected light if the sample was illuminated with unpolarized light [8] . Thus, the Stokes vector S = (I, Q, U, V) T (T indicates transpose) of light specularly reflected off the sample under this illumination can be extracted from the Mueller matrix by simply copying the first column of the matrix. From the Stokes vector, the degree of circular polarization P c , can be determined by , giving a normalized Mueller matrix (m ij ) with m 11 = 1. With normalized Stokes vectors (I = 1) the degree of circular polarization will therefore be the same as that of the m 41 element, i.e. P c = V = m 41 . The optical properties of the investigated nanostructures become rather complicated. First, the columnar structure will have different refractive indices parallel and perpendicular to the nanorods due to form birefringence as a result of screening effects [9] . Furthermore, there is an intrinsic anisotropy since the hexagonal wurtzite crystal structure is oriented with its a-axis perpendicular and the c-axis parallel to the columns. These two anisotropies could, approximately, be modeled with a uniaxial model. In addition, however, the lateral composition gradient will give different properties in the directions parallel and perpendicular to the gradient. When all these effects are taken into account three different refractive indices in three orthogonal directions are required to describe the optical properties of the material, i.e. it needs to be biaxial. To analyze the optical data we have used a model, schematically shown in Fig. 2 , with a twisted biaxial layered film representing the nanostructured Al x In 1 − x N film on top of an isotropic seed layer representing opaque TiN as described below.
The chiral structure of the nanorod film is modeled by a linear rotation of the direction of the two orthogonal optical axes, x and y, i.e. a Euler rotation φ around the z-axis. Surface roughness and tapering at the top of the nanocolumns, as can be observed in Fig. 1 , are modeled with a biaxial Bruggeman EMA surface layer [10] using the same refractive index as in the biaxial layer mixed with 50% void. The biaxial layer optical properties are modeled with refractive indices according to two-term Cauchy dispersions n = A / λ 2 + B / λ 4 and extinction coefficients according to Urbach absorption tails k = A k e Bk / λ [10] for each of the three directions, x, y and z. The layer representing the nanostructured film is divided into 100 sublayers, each with three different refractive indices along three orthogonal directions as shown in Fig. 3a . The directions of the two optical axes in the xy-plane of the sublayer closest to the substrate, are determined by the starting angle for the x-axis, φ 0 . The Euler angle, φ, of each sublayer is then determined by a linear equation, φ = φ 0 + T · 360 · P, where P is a parameter identifying the sublayer and varies in steps of 0.01 from zero at the bottom of the film layer (first sublayer) to one at the top of the film layer (last sublayer). The fit parameter T then shows directly how many turns the nanospirals in the film undergo from bottom to top. The orientation of the x-axis will rotate linearly from bottom to top of the graded layer, as seen in Fig. 3b and c.
Experimental details
The Al x In 1 − x N nanostructures were grown by ultra-high vacuum magnetron sputter epitaxy on c-plane sapphire substrates with a 200 nm TiN seed layer. Since the samples were co-sputtered by one Al and one In targets with an oblique angle of~30°towards the center from different directions, the nucleation starts on the surface with a higher InN mole fraction on one side of each nanorod and a higher AlN mole fraction at the other side. As schematically demonstrated in Fig. 4 , each atomic layer thus will get a compositional gradient which depends on the orientation of the layer in the deposition chamber during deposition. As the deposition continues, self-shadowing and low surface mobility will continue the separation of InN and AlN giving each atomic layer within a rod the same compositional gradient and making the rods curved towards the more AlN-rich side [6] . By control of the substrate rotation with respect to the orientation of the deposition fluxes, left-and right-handed nanospirals were obtained. The substrate rotation speed was adjusted to the deposition rate to yield a 200 nm pitch with a 360°rotation. This deposition scheme resulted in nanospirals showing chirality not only due to the external morphology but also due to the internal crystalline structure as discussed above. Samples were manufactured with the substrate rotated five complete turns during the growth.
The samples were measured using Mueller matrix spectroscopic ellipsometry (MMSE) in the spectral range 245-1700 nm at incidence angles from 25°to 65°in steps of 10°. Each sample was rotated 360°during measurement and 72 Mueller matrices were collected, one for every 5°rotation. The instrument used was an RC2™ from J.A. Woollam Co., Inc. and analysis were performed with the software CompleteEASE™, also from J.A. Woollam Co., Inc. The ellipsometer is a dual rotating compensator instrument and all elements m ij (i, j = 1, 2, 3, 4) of the normalized Mueller matrix are obtained. The scanning electron micrographs were taken using a LEO-1550 FE-SEM. Using regression analysis, the optical model described in Section 2 was fitted to the experimental data. The fitting was done in two steps. First the refractive index without dispersion, and the thickness of the layer as well as the surface layer was fitted with a uniaxial Cauchy model in the spectral region 1000-1700 nm. In this region the structural features do not influence the optical response to a significant extent and the films can be considered as uniaxial bulk materials. Experimental data measured at the five incidence angles were fitted simultaneously and a very good fit was achieved. The fit results for a selection of the elements are presented in Fig. 7 . The thicknesses obtained for the left-handed sample were 1096 nm for the nanostructured layer and 108 nm for the surface layer. In the second step of the fit the uniaxial model was expanded to a biaxial model. The three directions of the biaxial layer were seeded with the A-values obtained in the first part of the fit, with the in-plane refractive index of the uniaxial model split into two indices in two orthogonal directions in the biaxial model. The thicknesses and the Cauchy parameters A were fixed whereas the dispersion of the refractive indices, as well as the Urbach absorption tails (A k and B k ) were fitted in all three directions together with φ 0 and T. In this second fit procedure two incidence angles were used to reduce computational time. The lowest angles (25°and 35°) were chosen because they showed the highest values in the off-diagonal Mueller matrix elements and thus carried most information about the optical effects due to the chiral nanostructure. All 72 rotation angles were included in the fit. The model was first employed in a fit to a sample with left-handed spirals. The experimental Mueller matrix of that sample and the best fit can be seen in Fig. 5 . Data only in the wavelength range 300-900 nm was included in the fitting process. The lower wavelength limit is due to the fact that the Cauchy model does not work well too close to the band edge of Al 1 − x In x N. The upper limit is motivated by the fact that the samples were designed to reflect circularly polarized light in the UV-VIS range and the light is only marginally affected by the chirality at longer wavelengths making the part of the spectrum above 900 nm quite featureless. The parameters B in the biaxial film layer were fitted as well as the Urbach absorption tails (A k and B k ) for three orthogonal directions (x-, y-and z-directions). The resulting real and imaginary parts of the refractive indices for the three different directions of the left handed nanostructured Al x In 1 − x N films can be seen in Fig. 8 . The obtained value of T was 4.44. As described in Section 3, the sample underwent five complete turns during deposition. That is, from the fitting the parameter T is slightly lower. This discrepancy is attributed to a delay in the initiation of the chiral nanostructure formation upon start of the deposition and that the tapering of the top part of the nanospirals gives a less pronounced grading of the composition near the surface. The same model approach was used for the sample with right-handed a b nanospirals. As above, the thicknesses and the Cauchy parameters A of the layers were fitted in the 1000-1700 nm wavelength region, then the dispersion and absorption tail were fitted with fixed thicknesses and A-values in the region 300-900 nm. The fit to the experimental data can be seen in Fig. 6 . The thickness of the graded layer was in this case 967 nm and the interface layer 77 nm. The obtained value for T was − 4.56 where the minus sign indicates that the rotation is in the opposite direction compared to the lefthanded case. The model-fitted structural properties of the two samples are summarized in Table 1 . The corresponding findings of the optical properties for the right-handed chiral film are found in Fig. 9 . In general the optical properties are consistent with previous work [9] considering the amount of In content and the structural properties. The differences in optical properties between left-and right-handed films may depend on variations in composition, in the lateral gradient or in the porosity of the film. The model we have used does not take the external chirality into account, only the internal. If the external chirality would have been included, a
Results and discussion
second Euler angle θ, should have a non-zero value. During our modeling we have found, however, that including θ does not increase the goodness of the fit and have therefore decided to leave it out of the model. In summary we conclude that the CLEG method can be used to produce interesting nanostructured films with left-as well as right-handed chirality. Both films have narrow bands reflecting light with high degree of left-and right-circular polarization, respectively, originating from a compositional gradient within the nanocolumns. Many factors make these structures very complex. Still, we were able to obtain acceptable model fits to the MMSEdata and extract structural and optical information. 
